+ T cell-dependent. Administration of AdMDC induced chemoattraction of DC to the tumor site, facilitated DC migration to draining lymph nodes or spleen, and finally
Introduction
Macrophage-derived chemokine (MDC/CCL22) (also referred to as DC/B-CK or STCP-1) is an 8 kDa member of the C-C chemokine family which appears to be synthesized specifically by cells of the macrophage lineage. High expression is detected in normal thymus. MDC is a potent chemoattractant for dendritic cells (DC), natural killer (NK) cells and Th2 subset of T cells 1, 2 and is involved in chronic inflammation or homing of DC and lymphocytes. 3, 4 Recent studies have demonstrated a pivotal role of MDC in the protection of mice from cecal ligation and puncture-induced lethality. 5 It was reported that T cells attracted by MDC gene-transfected cell lines could predominantly produce Th2-type cytokines, such as IL-4. 2, 6 Previous data have shown that the growth of IL-4 gene-transfected tumors in vivo was suppressed in a rather reproducible fashion. 7, 8 It has been reported that Immature DC undergo a maturation process after they encounter antigens, and subsequently migrate to lymphoid tissue to prime naive T cells. 12, 13 Induction of effective antitumor response requires DC to present tumor antigen, 14 but tumor cells often have limited expression of MHC antigens and costimulatory molecules, [15] [16] [17] and also tumor cells can produce immune inhibitory factors that inhibit DC maturation and migration. 18, 19 It has been shown that the quantity of DC within tumors of a variety of histological types are correlated with prognosis, 20, 21 and that DC which reside within the tumor are immature. 22 Thus efficient DC maturation, migration and activation might be of great importance for the induction of antitumor immunity.
In the present investigation, we hypothesized that if tumors could be genetically modified in vivo to produce MDC, the secreted MDC might result in the accumulation of DC and Th2 subset of T cells within the tumor, and that subsequently the IL-4 produced by Th2 cells might enhance DC maturation and activation. As a conse-Gene Therapy quence, the maturated DC would migrate more effectively to the secondary lymphoid organs to present tumor antigens, thus inducing immune response against the tumor. Human and murine MDC share the chemotactic properties across species barriers, and both mouse and human MDC have been described as a functional ligand for murine CCR4. 2 We therefore utilized a replicationdefective recombinant adenovirus as vehicle for human MDC gene transfer in the 3LL murine lung cancer model. We show that this strategy did induce local accumulation of DC within the tumors. It facilitates DC migration to secondary lymphoid organs, and finally induces CTL activity which results in regression of pre-established tumors.
Results

MDC expression and chemoattrative activity of AdMDC transfection
The recombinant adenovirus encoding human MDC was used to explore the antitumor response of MDC gene transfer and its related mechanisms. Human MDC gene was expressed from recombinant ⌬E1/⌬E3 replicationdeficient adenovirus vectors under control of the CMV promotor. 23 Transduction efficiency of this approach was determined by a paralleling AdLacZ analysis by counting LacZ-positive cells after 5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside staining. The LacZ-positive cells were in 42% of 3LL cells at a MOI of 30, 74% at a MOI of 50 and 91% at a MOI of 100. Human MDC mRNA was detected by RT-PCR only in 3LL murine Lewis lung carcinoma cells both in vitro and in vivo 48 h after transfection with AdMDC ( Figure 1a ). Western blot analysis using an anti-human MDC monoclonal antibody demonstrated that MDC protein was present both in the cell lysate and in the culture supernatant 48 h after infection of 3LL cells with AdMDC ( Figure 1b) . Additionally, mouse MDC expression in 3LL cells was not detected using mouse MDC-specific primers and human MDC expression was not detected by RT-PCR in the brain, liver, heart, lung, kidney, spleen and draining lymph nodes, except the tumor sites in the mice 3 days after AdMDC administration (data not shown). Markedly increased chemotactic activity of mouse DC and splenic T cells was also observed with the supernatants of MDC gene-transfected 3LL cells as compared with controls ( Figure 2 ). These data indicated that human MDC, secreted by 3LL lung carcinoma cells transfected with AdMDC, could efficiently chemoattract murine DC and T cells and AdMDC could be used for the study of antitumor response in the murine model.
Tumor regression after intratumoral MDC gene transfer
The antitumor effect of AdMDC administration was investigated in a murine model with pre-established 3LL lung carcinoma. The data in Figure 3a showed that treatment of the tumor-bearing mice with intratumoral administration of AdMDC resulted in regression of the pre-established tumors significantly as compared with administration of AdLacZ or PBS (P Ͻ 0.01). The survival periods of the tumor-bearing mice after various treatments were observed. The results in Figure 3b showed that tumor-bearing mice intratumorally administered with AdMDC survived significantly longer than those mice administered with AdLacZ or PBS (P Ͻ 0.01), and six of 10 tumor-bearing mice were free of tumor 90 days after tumor inoculation.
In order to explore if specific antitumor immunity was induced in vivo in tumor-bearing mice after AdMDC treatment, the six tumor-free mice after AdMDC therapy were re-challenged s.c. with 5 × 10 4 3LL cells on their opposite flank region. Five mice remained tumor-free 3 months after tumor challenge, only one mouse died in 82 days. These data suggested that potent-specific antitumor immunity was induced after intratumoral MDC gene transfer.
Induction of tumor-specific CTL by intratumoral MDC gene transfer
To confirm the primary finding that specific antitumor immunity was induced after MDC gene transfer, we also determined the CTL activity in tumor-bearing mice after adenovirus-mediated MDC gene transfer. Splenocytes of tumor-bearing mice were isolated 12 days after AdMDC injection and cultured with irradiated 3LL tumor cells and subsequently used as CTL effector cells in cytotoxic assays with effector:target (E:T) ratios of 10:1, 20:1 and 50:1. As shown in Figure 4a , significantly potent cytotoxicity of CTL to 3LL carcinoma cells was detected in AdMDC-treated mice as compared with those in the mice injected with AdLacZ or PBS. No cytotoxicity of CTL to syngeneic EL4 lymphoma cells was observed, suggesting that 3LL lung carcinoma-specific CTL was induced efficiently and might be involved in the antitumor response of the MDC gene transfer. 
Effector cells involved in the antitumor response of MDC gene transfer
To further characterize the effector cells involved in the antitumor response of MDC gene transfer, in vivo depletion with anti-CD4, anti-CD8 or anti-NK monoclonal antibodies was performed to elucidate the roles of different T cell subsets and NK cells. As shown in Figure  4b , administration of anti-CD4 mAb or anti-CD8 mAb abolished the suppression of 3LL tumor cell growth elicited by AdMDC, while anti-NK mAb had only partial effect, indicating that tumor growth inhibition by AdMDC administration was both CD4 + T cell and CD8 ous animal models. 1, 2 We therefore intended to verify whether adenovirus-mediated MDC gene transfer could attract and activate DC in tumor-bearing mice. We visualized mouse DC using a fluorescent marker (PKH-26) 3 days after AdMDC administration. TC-1 cells were used as a control. The labeling procedure using PKH26 had little influence on cell viability as determined by trypan blue exclusion (96% viability for DC and 79% viability for TC-1 cells, respectively), as well as on the phenotypes of DC, including MHCII, CD86 and CD80 expression (data not shown). Seven days after subcutaneous inoculation of 3LL tumor cells, the mice were intratumorally administered with AdMDC, AdLacZ or PBS and after another 3 days, the PKH-26-labeled DC or TC-1 cells were injected at a distance of 2 cm from the tumors. Twenty-four hours later, mice were killed and tumors were collected for the analysis of colored DC. More labeled DC were observed to be present within the tumor tissue of AdMDC-treated animals, but not in tumors injected with AdLacZ or PBS (Figure 5a , b, c). On the 
Cr-release assay by utilizing 3LL cells as target cells. The syngeneic EL4 lymphoma cells were used as control target cells. Each point represents the mean of triplicates. The experiment was repeated once with similar results. (b) In vivo depletion analysis with anti-CD4, anti-CD8 or anti-NK monoclonal antibodies was performed as described in Materials and methods.
other hand, when labeled TC-1 cells were injected into the tumor-bearing mice as negative controls, no labeled cells were detected within the tumors, indicating that the DC migration to tumor site was indeed specific in response to AdMDC.
These results were further verified by the infiltration of endogenous DC into tumor sites. Immunohistochemical analysis of tumor sections demonstrated that more DEC205
+ and CD11c + DC were observed in the tumor of AdMDC-treated animals but not in the tumors injected with AdLacZ or PBS (Figure 5d , e, f).
After we observed that DC could be chemoattracted to the tumor site by intratumorally expressed MDC, we want to know if the intratumorally injected DC could migrate into the draining lymph nodes. The results in Figure 5g -i demonstrated that in control mice only a small number of labeled DC were detected in the draining lymph nodes, while in AdMDC-treated mice, however, much more labeled DC were observed in the draining lymph nodes. The same results were also observed in the spleen (Figure 5j , k, l). We also found that intratumoral injection of AdMDC induced the inflammation of draining lymph nodes of tumor-bearing mice. The weight of inguinal lymph nodes was significantly increased in the AdMDC-treated group (17.6 ± 5.67 mg) as compared with that of AdLacZ (6.87 ± 1.34 mg) or PBS (2.46 ± 0.56 mg) injected groups (P Ͻ 0.05).
To further determine whether DC were activated after AdMDC administration in tumor-bearing mice, we isolated DC from spleens of tumor-bearing mice 5 days after intratumoral injection with AdMDC. The results demonstrated that IL-12 production by splenic DC increased significantly in tumor-bearing mice treated with AdMDC as compared with that in tumor-bearing mice injected with AdLacZ or PBS (Figure 6a ). These data suggested that administration of AdMDC could induce increased IL-12 production of DC, enhance DC migration to the draining lymph nodes and spleen, and finally lead to DC activation.
Production of cytokines in tumor-bearing mice after MDC gene transfer
Given that cytokines like IL-2, IL-12, IFN-␥, as well as IL-4, are essential mediators in the induction of antitumor immunity, we studied the expression profiles of these immunoregulatory cytokines within the tumor site and in peripheral lymph organs in tumor-bearing mice after AdMDC administration. As shown in Figure 6 (a, b, c), after stimulation with irradiated 3LL cells, splenocytes and lymph node-derived cells from AdMDC-treated mice secreted significantly higher levels of IL-12, IL-2 and IFN-␥ as compared with those from AdLacZ-or PBS-injected mice. An increase of IL-12, IL-2 and IFN-␥ production was also detected in the supernatants of homogenated tumor tissue after an overnight culture and in the serum of the AdMDC administered mice. Increased Th1 cytokine production, both locally and systemically, indicated that the cellular immunity of the tumor-bearing host was induced efficiently.
The data in Figure 6d also illustrated that IL-4 content was significantly higher within the tumor site of mice intratumorally injected with AdMDC when compared with those in mice injected with AdLacZ or PBS. In serum, lymph nodes and spleen, no significant IL-4 release was observed. The important role of IL-4 in the antitumor immunity has been studied intensively. To confirm our hypothesis that IL-4 produced after MDC gene transfer play important roles in the induction of cellular immunity, we determined the kinetics of IL-4, IL-12 and IL-2 production inside the tumor nodules. The results demonstrated that significant production of IL-4 appeared 3 days before the increased production of IL-12 and IL-2 (Figure 7a, b, c) , but no increased production of IL-12 was observed in IL-4Ϫ/Ϫ mice (Figure 7d ), indicating that increased Th1 cytokine production might be a consequence of IL-4 release after intratumoral MDC gene transfer. 
Important role of IL-4 in the antitumor
Discussion
Chemokines play important roles in the immune reaction by their involvement in the inflammatory response and their capacity to chemoattract leukocytes. [24] [25] [26] Directed migration of DC can be induced by various chemokines during their development and maturation. 27, 28 Immature DC are attracted by MDC, MIP-1␣, MIP-3␣, MCP-1,2,3,4, RANTES and SDF-1, whereas mature DC are attracted by MIP-3␤/ELC(CK␤-11) and SLC. Several studies have shown that chemokine gene transfer represents a potent Gene Therapy antitumor approach. MIP-1␣ expression in adenocarcinoma cells led to reduced tumor formation and increased infiltration of macrophages and neutrophils. 29 RANTES and lymphotactin also inhibited tumor formation and generated tumor immunity.
30-32 MCP-1 was shown to reduce in vivo growth of tumor cells and to increase infiltration of macrophages/monocytes to the tumor site. 33 Recently, intratumoral injection of recombinant SLC showed potent antitumor response and led to tumor eradication in treated mice. 34 The expression of MIP-3␤/ELC(CK␤-11) in a breast cancer cell line mediated rejection of the transduced tumor. 35 Adenovirusmediated gene transfer of MIP-3␣ to tumors induced local accumulation of DC and inhibited growth of preexisting tumors. 36 MDC is a potent chemoattractant for DC, NK cells, Th2 and Tc2 subsets of T cells. 1, 2, 6 The functional receptor for MDC is the CC chemokine receptor 4 (CCR4), which is preferentially expressed on blood T cells, particularly CD4
+ T cells of the Th2 phenotype. 2 MDC is thought to
Figure 6 Production of cytokines after MDC gene transfer in tumor-bearing mice. Tumor nodules were evaluated 3 days after administration of the AdMDC, AdLacZ or PBS for the production of IL-4, IL-12, IL-2 and IFN-␥in the supernatants after an overnight culture (5 × 10 6 cells/ml). Lymph nodes or spleen-derived lymphocytes from individual mouse were restimulated with irradiated 3LL tumor cells (10 5 cell/ml) at a ratio of 50:1 (target/stimulator) in a total volume of 5 ml. After an overnight culture, supernatants were harvested and IL-12 (a), IL-2 (b), IFN-␥(c) and IL-4 (d) productions were determined using ELISA kits. The procedure used to isolate DC from spleens and the determination of IL-12 production in the supernatants of these DC was performed as described in Materials and methods. The data are presented as means ± s.d. (n = 4 per data point).
play an important role in the selective migration of antigen-stimulated T cells, especially Th2 cells, toward antigen-presenting cells during T cell-mediated host responses. 2, 6 In normal human tissues, MDC and its receptor CCR4 are expressed almost exclusively in thymus, where it is a chemoattractant for CD3 + CD4 + and CD8 (low) thymocytes. 37 In this study, we have confirmed our hypothesis that adenovirus-mediated intratumoral MDC gene transfer could suppress the growth of 3LL tumors, increase survival of the tumor-bearing mice, and induced tumor-specific cytotoxic T cell response. CD4 + T cells and CD8 + T cells are the most important effector cells involved in the antitumor response of MDC gene transfer.
DC are powerful antigen-presenting cells and have the ability to capture antigens, to migrate to secondary lymphoid organs, to process and present antigenic peptides and to stimulate naive T cells. [38] [39] [40] [41] After exposure to antigens or inflammation factors, DC undergo functional maturation and reenter the circulatory system to home to T cell areas of lymphoid organs via lymphatic vessels to reach lymph nodes and blood to reach the spleen. 42 DC participate in the processing and presentation of tumor antigens and stimulate T cells to elicit potent antitumor response, but tumor cells can produce immune inhibitory factors that inhibit DC maturation and migration into tumor site. 18, 19 In this study, we also demonstrated that migration of DC was inhibited by supernatants of 3LL (see Figure 3) . It has been shown that the density of DC within tumors of a variety of histological types was correlated with prognosis, 20, 21 and that DC within the tumor were immature. 22 So, both the infiltration of DC into the tumor and the migration and homing of DC from the tumor to lymphoid organs are considered to be critically initial steps during induction of antitumor immune response. It has been shown that enhanced migration from the tumor site to draining lymphoid organs induced potent antitumor activity. 43 In the present study, we demonstrated accumulation of DC, as well as T cells in tumors 3 days after administration of the AdMDC. Intratumoral injections of PKH26-labeled DC 3 days after AdMDC administration showed that DC migrated into the draining lymph nodes more effectively in AdMDCtreated mice than that in PBS-or AdLacZ-injected mice. The cytokine production in serum, tumor, lymph nodes and spleen 3 days after AdMDC administration was assayed by ELISA and significant IL-4 production within the tumors of AdMDC-treated mice and increased IL-12 production was detected in serum, lymph nodes, spleen or in tumor. Since the tumor cells used in this study do not secrete detectable levels of IL-12 (data not shown), we presumed that DC might be the predominant sources of IL-12. An increase of IFN-␥ and IL-2 production was also detected in the supernatant of tumor homogenates after an overnight culture and in the serum, lymph nodes, and spleen of AdMDC-administered mice. These results suggested that MDC secretion in tumor site could attract DC to tumors and promote DC maturation and enhance DC migrate to draining lymphoid organs, and lastly lead to DC activation.
Recombinant IL-4 and GM-CSF allow the generation of large numbers of mature DC in vitro. 44, 45 Recent results have shown that IL-4 Ϫ/Ϫ mice were severely impaired in the development of anti-tumor immunity, indicating a defective Th1 response in the absence of IL-4. 10 The important role of IL-4 was demonstrated for the generation of Th1-associated, CTL-medicated tumor immunity. IL-4 can effectively induce DC to produce the major Th1-inducing cytokine-bioactive IL-12, and the expression of Gene Therapy IL-4 by tumor cells transfected to secrete IL-4, or in a transgenic mouse model, led to induction of IFN-␥ in vivo and tumor suppression. 46 IL-4 injection around the tumor-draining lymph node, where T cell priming probably occurs, lead to an antitumor response, showing that not only the time point, but also the amount of IL-4 required for induction of tumor immunity are crucial. 47 In this study, we found significant IL-4 production within the tumors of AdMDC-treated mice. Since the tumor cells used in this study do not spontaneously secrete detectable levels of IL-4, we therefore presumed that Th2 cells attracted to tumor site by MDC are the predominant source of IL-4. DC that were attracted to tumor site would undergo maturation in this particular microenvironment in the presence of both IL-4 and tumor antigens, produce IL-12 and prime Th1 response. 48 This study indicated that attraction of Th2 cells by MDC can contribute to maturation and migration of DC and CTL generation, and IL-4 plays an essential role in the antitumor response. In conclusion, intratumoral MDC gene transfer elicited significant antitumor effects through efficient induction of antitumor immunity and might be of therapeutic potential for immunotherapy of cancer. Mice were housed under specific pathogen-free conditions for at least 1 week before any experiments. 293 (CRL 1573), a human embryonic kidney cell line transformed with Ad5 E1A and E1B genes and supporting propagation of E1-deleted recombinant adenovirus, was cultured in DMEM (Life Technologies, Grand Island, NY, USA) supplemented with 10% heat-inactivated FCS (HyClone, Logan, UT, USA), 2 mM glutamine, 100 g/ml streptomycin, 100 U/ml penicillin (GIBCO BRL, Gaithersburg, MD, USA). 3LL, a murine Lewis lung carcinoma cell line derived from C57BL/6 mice (H-2K b ), and EL4, a lymphoma cell line derived from C57BL/6, were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). TC-1 cell line, kindly provided by Dr C Song, is a bone marrow-derived stromal cell line of C57BL/6 mice (H-2K b ). 49 These cells were maintained in complete RPMI-1640 medium supplemented with 10% FCS.
Materials and methods
Animals and cell lines
Adenovirus preparation
The human MDC gene was synthesized by oligonucleotide assembling using eight oligonucleotides: to generate a plasmid containing the 5' half of the human MDC gene, the two sense oligonucleotides OTG 11539 (GATCCC ACCATGGCTCGCCTACAGACTGCACTCCTGGTTGTC CTCGTCCTCCTTGCTGTGGCGCTTCAAGCAACTGAG G) and OTG 11541 (CAGGCCCCTACGGCGCCAACAT GGAAGACAGCGTCTGCTGCCGTGATTACGTCCGTTA CCGTCTGCCCCTGCGCGTGGTGAAACACTTC) were hybridized to the two antisense oligonucleotides OTG 11540 (TAGGGGCCTGCCTCAGTTGCTTGAAGCGCCA CAGCAAGGAGGACGAGGACAACCAGGAGTGCAGT CTGTAGGCGAGCCATGGTGG) and OTG 11542 (AAT TGAAGTGTTTCACCACGCGCAGGGGCAGACGGTAA CGGACGTAATCACGGCAGCAGACGCTGTCTTCCAT GTTGGCGCCG) and subsequently cloned into the BamHI-EcoRI site of pBK-RSV (Stratagene, La Jolla, CA, USA). The resulting plasmid was cut with XhoI-XmnI to introduce the rest of the coding region. To generate the 3' half of the human MDC coding sequence, the two sense oligonucleotides OTG 11543 (ACTTCTACTGGACC TCAGACTCCTGCCCGAGGCCTGGCGTGGTGTTGCT AACCTTCAGGGATAAGG) and OTG 11545 (AGAT CTGTGCCGATCCCAGAGTGCCCTGGGTGAAGATGA TTCTCAATAAGCTGAGCCAATGAC) were hybridized to the two antisense oligonucleotides OTG 11544 (GCACAGATCTCCTTATCCCTGAAGGTTAGCAACAC CACGCCAGGCCTCGGGCAGGAGTCTGAGGTCCAGT AGAAGT) and OTG 11546 (TCGAGTCATTGGCTCA GCTTATTGAGAATCATCTTCACCCAGGGCACTCTG GGATCG), ligated and inserted into the XhoI-XmnI site thus generating the complete cDNA sequence of huMDC. After sequence verification, the human MDC gene was then inserted into E1 region of the adenoviral shuttle plasmid plasmid under the control of the CMV promoter and containing the chimeric human ␤-globin/IgG intron and the SV40 late polyadenylation signal. The recombinant ⌬E1/⌬E3 replication-deficient adenoviruses were generated by homologous recombination in E. coli and amplified in 293 cells. 50, 51 Viral propagation, purification and titration were carried out as previously described. 52 Purified viruses were stored in 1 M sucrose, 10 mM TrisHCl pH 8.5, 1 mM MgCl 2 , 150 mM NaCl, 0.005% Tween 80. Replication-defective recombinant adenovirus LacZ encoding the ␤-galactosidase was kindly provided by Professor H Hamada (Sapporo Medical University, Sapporo, Japan). 53 Functional titers of recombinant virus were 4 × 10 9 p.f.u./ml (AdLacZ ) and 4 × 10 9 p.f.u./ml (AdMDC). Recombinant virus was stored at -80°C until use.
Adenoviral transduction, RT-PCR and Western blot
3LL cells were transduced with AdLacZ or AdMDC at a multiplicity of infection (MOI) of 100, unless otherwise stated. RNA was extracted from 2 × 10 6 AdMDC-infected 3LL cells and control 3LL cells 48 h after transduction using the Trizol method (GIBCO BRL) according to the manufacturer's instructions. First-strand cDNA was synthesized using the superscript pre-amplification system (GIBCO BRL) with the supplied oligo (dT) 12-18 primers. The cDNAs were used as templates for PCR (95°C for 20 s, 55°C for 30 s, 72°C for 30 s, 25 cycle using specific primers for human MDC (forward: 5'-TGGCTCGCCTACA-GACTG; reverse 5'-CACAGATCTCCTTATCCC). To ensure the quality of the procedure, control RT-PCR was performed on the samples with specific primers for ␤-actin.
Expression of MDC protein was analyzed by Western blot 48 h after transduction from AdMDC-infected 3LL and control 3LL cells (5 × 10 6 ). The cells were lysed in TPERtm Tissue Protein Extraction Reagent (Pierce, Rockford, ME, USA) at 4°C for 30 min and were shaken occasionally. The cell lysates were centrifuged at 12 000 g for 15 min and supernatants were collected. Then 15 l of the culture and lysate supernatants were separated by 12% SDS-polyacrylamide gel and electrotransferred on to nitrocellulose membrane (0.45 ) (BioRad Laboratories).
Membranes were incubated with anti-human MDC monoclonal antibody (R&D Systems, Minneapolis, MN, USA) and subsequently with anti-mouse secondary antibody. Protein bands were visualized using the enhanced chemiluminescence method according to the instructions of the manufacturer (Amersham Life Sciences, Arlington Heights, IL, USA).
Chemoattractive activity of AdMDC in vitro
To evaluate the function of the MDC protein expressed by the AdMDC transfection, chemotaxis of mouse DC and splenic T cells was assayed with supernatants of AdMDC-infected 3LL cells as described. 37 Approximately 1 × 10 6 C57BL/6 mouse DC or 1 × 10 6 nylon wool-purified T cells from C57BL/6 mouse splenocytes (cultured overnight with 1000 U/ml of IL-2) were resuspended in 0.1 ml of RPMI 1640 containing 0.5% BSA and loaded into the upper well of a transwell chamber (3 pore size; Costar, Corning, NY, USA). Supernatants of wild-type 3LL cells or of cells infected with AdMDC or AdLacZ were harvested after 72 h. Different dilutions of the supernatants were added to the lower well in a volume of 0.6 ml. The chamber was incubated for 4 h at 37°C. Directed migration was expressed as the number of cells that had migrated to the lower chamber, seen in five high power fields. Each experiment was performed in triplicate at least three times. The data are presented as mean ± s.d.
Generation of DC from bone marrow
DC were obtained from murine bone marrow precursors as described previously by us. [54] [55] [56] In brief, erythrocytedepleted murine bone marrow cells harvested from femurs of C57BL/6 mice were plated in complete RPMI 1640 media supplemented with 20 ng/ml recombinant murine GM-CSF (Sigma, St Louis, MO, USA) and 1 ng/ml recombinant murine IL-4 (PeproTech, Rocky Hill, NJ, USA). On day 3, floating cells were gently removed and fresh medium was added. On day 6 of the culture, nonadherent and loosely adherent cells with the typical morphological features of DC were collected and used for the in vitro and in vivo migration assay.
Tumor-bearing model and therapeutic regimen with adenovirus-mediated intratumoral MDC gene transfer
To establish murine model with pre-established tumor, C57BL/6 mice were inoculated with 1 × 10 6 3LL tumor cells subcutaneously into the shaved right flanks. After 7 days, the tumors were 50-80 mm 2 and the tumor-bearing mice were injected intratumorally with AdMDC (1 × 10 9 p.f.u. in 100 l), AdLacZ (1 × 10 9 p.f.u. in 100 l), or PBS (100 l). To demonstrate expression of MDC within the tumors, RNA was extracted from tumors 3 days after intratumoral administration of AdMDC and RT-PCR was performed using specific primers for human MDC and for ␤-actin. To demonstrate suppression of tumor growth in vivo by MDC gene transfer, the size of individual tumors was monitored every 2 days. The tumor area was expressed as the average tumor size (mm 2 ) ± s.d. Mice were killed when the tumors reached 3 cm in diameter or appeared moribund, and this was recorded as the date of death for survival studies. All experiments were performed three times using individual treatment groups of 10 mice. Data are representative of three experiments performed.
Gene Therapy
Cytotoxic assay Splenic lymphocytes were isolated from tumor-bearing mice 12 days after administration of adenovirus and were cocultured at 1 × 10 7 cells/ml with 1 × 10 6 cells/ml inactivated 3LL tumor cells for 7 days in the presence of mIL-2 20 IU/ml (Genzyme, Cambridge, MA, USA), and then collected as CTL effector cells. The CTL activities was determined by a standard 4-h 51 Cr-release assay utilizing 3LL as targets. 54 Two million 3LL in 0.5 ml RPMI-1640 with 20% FCS were labeled with 200 Ci Na 51 CrO 4 (Amersham) for 2 h. The labeled cells were washed three times in serum-free medium. Ten thousand target cells were then mixed with effector cells for 4 h at 37°C at the ratio indicated. For the maximal 51 Cr-release control, 0.1 ml of 0.1 N HCl was added to the target cells, and for the spontaneous 51 Cr control, 0.1 ml of medium was added to the labeled cells. The syngeneic EL4 lymphoma cells were used as control target cells. The amount of 51 Cr release was determined by ␥ counting on a 1275 Minigamma Counter (LKB-Wallac, Turku, Finland), and the percentage of specific lysis was calculated as follows: CTL activity (%) = (experimental c.p.m. -spontaneous c.p.m.)/(maximal c.p.m. -spontaneous c.p.m.) × 100.
In vivo depletion of T cell subsets and NK cells
Mice were injected i.p. with rat IgG2b mAb (1 mg/mouse/injection) against murine CD4 (GK1.5, TIB-207, ATCC), CD8 (2.43, TIB210, ATCC) or IgG2a against NK (PK136, HB-191) on day Ϫ2, 0, +2, +4 of adenovirus administration. Normal rat IgG (Sigma) was given as control. This procedure was shown to be effective for specific depletion of T cells in blood and spleen, and long-term T cell subset depletion as confirmed by flow cytometry analysis.
Assay for in vivo chemoattraction and facilitated migration of DC DC were labeled with the red fluorescence marker PKH-26 (Sigma) according to the manufacturer's protocol and immediately used for injection. 57 In brief, DC or TC-1 control cells were incubated with 2 × 10 Ϫ6 M PKH-26 at room temperature for 5 min, rinsed extensively with PBS, examined for viability and cell number using trypan blue exclusion, and injected into the animals. Twenty four hours after subcutaneously injection of the labeled cells (1 × 10 6 in 100 l) at a distance of 2 cm anterior to the tumor in the flank region, mice were killed and the tumors were harvested, embedded in OCT compound (IEC, Needham HTS, MA, USA) and frozen immediately at Ϫ80°C. Cryostat sections (6 m) were placed on cove slides, fixed in 1% paraformaldehyde for 5 min, incubated with 0.4 g/ml Hochest (Calbiochem, San Diego, CA, USA) for 5 min, and subsequently examined by fluorescence microscopy.
To evaluate the capability of intratumorally administered AdMDC to facilitate DC migration from the tumor site to the draining lymph nodes, PKH-26 labeled DC (1 × 10 6 in 100 l) were injected into the tumors 3 days after intratumoral injection of AdMDC or AdLacZ, and the ipsilateral inguinal lymph nodes were isolated 2 h later, fluorescence microscopy assay was carried out as described above.
To further verify the infiltration of endogenous DC into tumor sites, we performed immunohistochemistry on the tumors collected 3 days after administration of AdMDC.
